We explore the generation of anti-Stokes fluorescence from strongly coupled organic dye microcavities following resonant ground-state excitation. We observe polariton emission along the lower polariton branch, with our results indicating that this process involves a return to the exciton reservoir and the absorption of thermal energy from molecules in a vibrationally excited ground-state. We speculate that the generation of a population of 'hot' polaritons is enhanced by the fact that the cavity supresses the emission of Stokesshifted fluorescence, as it is energetically located below the cut-off frequency of the cavity.
Over the past two decades, optical microcavities have been used to explore the physics of optical-coupling between confined-photons and molecular semiconductors. [1] [2] [3] [4] [5] [6] [7] Optical microcavities are structures that consist of two mirrors placed in close proximity that are separated by a layer of an optically active material. The mirrors confine the local electromagnetic field, and when it is resonant with the excitonic transition of the semiconductor, a reversible exchange of energy can occur between light and matter. In the strong-coupling regime, this results in the formation of quasi-particles termed cavitypolaritons that are coherent superposition of excitons and photons and have properties of both. 8 By coupling molecular materials with light, it is possible to engineer fascinating processes, such as polariton condensation, 9-11 superfluidity, 6 changes in the rate of chemical reactions 12, 13 and a modification of energy transfer pathways. [14] [15] [16] [17] The first microscopic models used to describe the strong-coupling of molecules to light treated the molecules in the cavity as an ideal two-level system and neglected rotational or vibrational degrees of freedom. 18 Recently however, there has been growing interest in understanding the role that the vibrational landscape plays in modifying basic processes in strongly-coupled microcavities. Early experimental work on the resonant excitation of organic strongly-coupled cavities demonstrated an enhancement of Stokes and anti-Stokes Raman scattering process when the energetic separation between initial and final states were degenerate with a Raman mode of the molecular material within the cavity. 19 Follow-on studies established that the (Raman-active) vibrational modes of a molecule were able to assist the relaxation of uncoupled excitons from the 'exciton reservoir' to polaritonic states along the lower polariton branch (LPB) by acting as a sink for excess energy. 20, 21 In inorganic semiconductor microcavities a number of authors have explored the interactions between cavity-polaritons and acoustic and LO phonons. [22] [23] [24] [25] [26] [27] [28] [29] For example, anti-Stokes fluorescence (ASF) was observed in strongly-coupled optical microcavities containing ZnSe quantum wells 30 following resonant excitation of lower-branch polaritons, 31 with ASF used to achieve laser cooling of semiconductors. [32] [33] [34] In such microcavities, 31 the significant excitonic component of the cavity-polaritons was responsible for the interactions with thermal phonons, making them an important platform in which to study laser-cooling effects in semiconducting materials. Indeed, by exciting the LPB at k//=0, the generation of fluorescence at lower energy is forbidden due to the near parabolic dispersion of cavity-polaritons.
In organic-semiconductor based microcavities, a growing interest in the interactions between cavity-polaritons and rovibrational modes of molecular materials has stimulated much theoretical research. [35] [36] [37] [38] [39] [40] [41] For example, it has been predicted that electronic and nuclear degrees of freedom become decoupled in the strong coupling regime; an effect that reduces disorder and enhances the exciton coherence length. 36 Furthermore, models that include rotational and vibrational degrees of freedom indicate that dark states within a microcavity (corresponding to uncoupled excitons in to a twolevel system) can also be affected by strong coupling. 37 In this paper, we provide evidence for the interaction between cavity-polaritons with the local thermal bath in a strongly-coupled microcavity containing a film of the fluorescent molecular dye bromine-substituted boron-dipyrromethene (BODIPY-Br). We use optical spectroscopy to show that ASF can be generated by exciting the LPB around k// = 0, and perform temperature dependent measurements that show that by reducing the overall thermal energy available in the system we can control the intensity of polariton ASF, suggesting a thermally assisted process. We utilise fluorescence lifetime measurements to demonstrate that the polariton ASF process involves a 'return' of energy to the exciton reservoir. We find that the overall integrated population of 'hot' polaritons in the resonantly excited strongly-coupled cavity (corrected for the number of photons absorbed) is around 3 times larger than the relative number of ASF photons generated from a control (non-cavity) film of BODIPY-Br. We speculate that the cavity suppresses the emission of Stokes-shifted luminescence as it is located energetically below the cutoff frequency of the cavity.
The chemical structure of BODIPY-Br, together with its absorption and fluorescence are shown in Figure 1a . Here, the peak in absorption and fluorescence observed at around 530 and 550 nm respectively corresponds to the 0-0 electronic transition of the BODIPYBr monomer, with the 20 nm difference between the wavelength of the absorption and emission maxima occurring as a result of a Stokes shift. 42 The absorption shoulder at 503 nm corresponds to a 0-1 vibrational transition. The shoulder in PL emission at 586 nm has a more complex origin, and corresponds to emission from the 0-1 vibrational transition together with emission from excited state dimers (excimers). 43 To fabricate microcavities, an optically inert polymer matrix (polystyrene -PS) was doped with BODIPY-Br at a dye/polymer concentration of 20%/80% by mass and spincast onto a 200 nm thick silver mirror forming a film having a thickness of 260 nm. A film of polyvinyl alcohol (PVA) was spin-cast on top of the BODIPY-Br layer to tune the cavity length, and a semi-transparent silver mirror was then thermally evaporated onto the organic bilayer having a thickness of 32 nm. The resultant -cavity had a Q-factor of ~50.
A schematic of a typical cavity is shown in Figure 1b . We have recently shown that the BODIPY-Br 0-0 monomer excitonic transition can undergo strong coupling 44 , and when incorporated into higher Q-factor cavities based on two distributed Bragg reflectors (DBRs), such cavities demonstrate polariton-condensation. 11 Using white light reflectivity measurements we find that the cavities we have constructed are in the strong-coupling regime. Here, all measurements were performed through the semi-transparent top mirror, allowing light to be coupled into and out of the cavity. We plot the cavity reflectivity as a function of external viewing angle in Figure 1c . We find that three dispersive optical features are detected, which can be described using a three- 45 Our model also indicates that the cavity is negatively detuned, with the energetic separation between X0-0 and the cavity photon at  = 0º being 85 meV. In the Supporting Information, we plot the Hopfield coefficients for the three polariton-branches (see Supporting Information Figure S1 ). From this analysis, we determine that the bottom of the LPB is composed of 69% cavity photon, with the remainder being a mixture of X0-0 and X0-1 (29% and 2% respectively).
We have explored the emission of fluorescence following wavelength-dependent excitation of strongly coupled cavities and control (non-cavity) films of BODIPY-Br / PS as a function of temperature. Room temperature emission from a control film of BODIPYBr / PS performed as a function of excitation wavelength is shown in Figure 2 . Here, the excitation wavelength was varied between 500 nm (corresponding to a spectral-region with high direct absorption) and 580 nm (a 'sub band-gap' spectral-region corresponding to very low direct absorption). The vertical dashed line at 550 nm corresponds to the peak emission wavelength of the X0-0 electronic transition of BODIPY-Br. It can be seen that the BODIPY-Br undergoes clear frequency up-conversion, with ASF emitted at an energy more than 160 meV above the laser excitation. This effect is enhanced at excitation wavelengths closer to the edge of the BODIPY-Br absorption band (560 nm) with the intensity reducing with increasing excitation wavelength.
We have also characterised ASF emission from control films as a function of temperature, with excitation performed at different wavelengths. Typical data is shown in Figures 3a and b recorded at temperatures between 80 and 300K following excitation at 548 and 558 nm respectively. We find that as the temperature is reduced, the intensity of ASF is reduced, with its spectral distribution shifting to longer wavelengths. Figure 3c plots emission spectra recorded from a BODIPY-Br / PS control film as a function of temperature following excitation at 500 nm. Here, we again observe a redistribution of PL emission to longer wavelengths as the temperature is reduced; an effect that we have previously shown results from emission mainly originating from isolated BODIPY-Br monomers at room temperature and from intermolecular excimers at 80 K. 43 Previous work has explored ASF in a number of organic materials 33, 34 and it has been proposed that optical-excitation excites a subset of molecules that are initially in a vibrationally-excited ground-state to a higher lying S1 state. On relaxation, the molecules return to their electronic (0-0) ground state, with the luminescence emitted having an energy greater than that of the incident photon. Following the approach outlined in refs 33, 34 , we calculate an activation energy for the ASF emission. Here, measurements were made on a control film, with emission intensity measured at 547 nm as a function of temperature (I(T)) following photo-excitation at 568 nm. Typical data is plotted in Figure   3d , which we fit using an Arrhenius equation of the form ( ( ) = − / ), where EA is an activation energy of around 27 meV. This activation energy has previously been associated with the energy difference between the energy of the excitation-photons and the 0-0 absorption transition. However this is clearly not the case here, as the activation energy (27 meV) is much smaller that the energy-separation between 0-0 transition and laser excitation energy (in this case 156 meV). Indeed, even when we excite the film at shorter wavelengths, we only observe a small change in the activation energy (see Supporting Information Figure S3 ). We note that in experiments on Rhodamine 101 in solution, 34 the activation energy and the calculated energy difference between the excitation and the 0-0 transition were found to be in good agreement. However measurements on Rhodamine B dispersed into a solid film 33 indicated that the activation energy was 62 meV (500 cm -1 ) smaller than its expected value, with this discrepancy ascribed to solvent effects. In our work on BODIPY-Br, we find a clear discrepancy of around 120 meV between the measured activation energy and the energy difference between excitation and the 0-0 transition energies. The reason for this discrepancy is not clear, however we suspect it may result from the fact that BODIPY-Br emission spectra has a significant temperature dependence that results from migration of energy to intermolecular excimer states (see temperature dependent PL spectra shown in Figure   3a -c). Nevertheless the similarity between our findings and those in ref 33 suggests that the ASF emission generated in BODIPY-Br / PS control films also results from the direct photo-excitation of molecules that are in a vibrationally excited ground-state.
In the following section, we analyse ASF emission from microcavities containing strongly coupled BODIPY-Br. Figure 4 shows typical data from a microcavity in which the LPB was excited resonantly at 572 nm; a wavelength corresponding to the bottom of the LPB, with temperature progressively tuned between 77 and 292 K. Here, a small blue-shift of the polariton dispersion by around 1 nm is observed over this temperature range; an effect that most likely results from a small thermally-induced contraction of the cavity optical path-length. The dashed line in Figure 4 shows the dispersion of the LPB as fitted using the measured white light reflectivity (Figure 1c) , with the colour scale quantifying the intensity of polariton emission. It can be seen that at 292 K, significant luminescence emission is observed along the LPB at energies up to 95 meV above that of the laserexcitation (which can be identified by the horizontal 'red' band); a result consistent with ASF. We find that as the cavity temperature is progressively decreased, emission is still observed along the LPB, however, the intensity of ASF reduces with temperature and at low temperatures emission is concentrated around the bottom of the LPB. Note, that while it was possible to observe ASF that extended 160 meV above the energy of the laser in the non-cavity control films, it was not possible to observe ASF at such large energies above the excitation laser in the strongly-coupled cavity shown in Fig 1c. The reason for this is that the dispersion of the LPB flattens considerably as it approaches the energy of the exciton, and thus such large energy-separations are inaccessible. We have however observed polariton ASF in cavities having a larger negative detuning, permitting a greater energy separation (~135 meV) to be achieved between excitation and ASF emission (see Figure S5 in Supporting Information). It is clear however that the initially excited states in such negatively-detuned cavities are highly photon-like in character (having a total photon fraction of 97%).
To understand the ASF process in more detail, Figure 5a plots the intensity of polariton ASF at an angle of 30º (corresponding to a wavelength of 555 nm) as a function of temperature, following excitation at 572 nm. We again use an Arrhenius fit to describe the temperature-dependent intensity, and extract an activation energy of around 27 meV; a result in close agreement with that determined from the non-cavity BODIPY / PS control film (see Figure 3d ).
In Figure 5b we plot the normalised polariton population along the LPB as a function of external angle. Here, polariton population (PLPB) is calculated using ( ) = ( )/ ( ), where I is the intensity of luminescence and is the photon fraction of the LPB at angle , (calculated using a 3-level coupled oscillator model -see Supporting Information). It can be seen in Figure 5a that while the intensity of ASF along the LPB reduces as a function of temperature, the relative distribution of polariton population along the LPB does not change (see Figure 5b ). We can in fact determine an effective temperature of the polaritons along the LPB by performing a Boltzmann fit as shown in the inset of Figure 5b . We find that the effective temperature of the polaritons to be around 590 K. The fact that this effective temperature is approximately constant as a function of cavity temperature suggests that the polariton population does not reach thermal equilibrium; a result consistent with the very fast radiative lifetime of polaritons in a low Q-factor cavity.
Our measurements demonstrate therefore that following excitation of polaritons at the bottom of the LPB, a process occurs in which states at higher energy along the LPB are populated. The apparent similarity between the activation energy for ASF emission in both the cavity and control films indicates that we should expect a similar underlying mechanism. To explore this in more detail, we have measured the dynamics of polariton emission from states along the LPB using a streak camera following both resonant and non-resonant excitation. Typical data is shown in Figure 6a ; photoluminescence is recorded from the cavity at around 556 nm (corresponding to an angle  = 28°), where the cavity is either excited resonantly at 570 nm, or non-resonantly at 400 nm. We find the decay dynamics are in both cases bi-exponential, with polaritons excited resonantly Figure S6b , we show emission from the same blend, where excitation was performed at 575 nm. Again, emission is dominated by BODIPY-R, with no ASF from BODIPY-Br detected.
We have explored the photophysics of such BODIPY-Br / BODIPY-R / PS films placed within a microcavity (with the cavity having a very similar mode-structure as the BODIPY-Br microcavity described above). Here, the BODIPY-Br was strongly-coupled, however by using the BODIPY-R acceptor at low concentration, we ensured that it could not undergo strong coupling. We find that when such a BODIPY-Br / BODIPY-R / PS blend was used as the active layer in a microcavity no detectable ASF was emitted from the cavity on resonant excitation of the LPB at 572 nm. This indicates that any polaritons that return to the exciton reservoir undergo energy transfer to weakly-coupled BODIPY-R exciton states positioned at lower energy rather than scattering back to higher energy polariton states. We conclude therefore that the ASF process evidenced in strongly coupled BODIPY-Br microcavities is mediated by an exchange with the exciton reservoir and does not involve a direct polariton to polariton scattering mechanism along the lower polariton branch.
We can gain additional insight into the ASF process, through a quantitative comparison of the angular dependence of ASF emission detected from a cavity and a non-cavity control film. This is shown in Figure 6b , where we plot the relative population of cavity polaritons ( ( )) as a function of angle along the LPB at room-temperature, with data shown for either resonant (572 nm) or non-resonant (500 nm) excitation. On the same figure, we plot the intensity of Stokes and anti-Stokes emission as a function of angle recorded from a control (non-cavity) BODIPY-Br film on excitation at 570 nm (corresponding to sub-bandgap excitation). Note, that we do not apply any correction to the control-film emission intensity, and assume there is a one-to-one correspondence between photoluminescence intensity and the exciton-population. However, we have measured the relative number of excitation photons that were absorbed by both the cavity and the control film following resonant and non-resonant excitation, and applied an appropriate correction in both cases to allow us compare relative populations. For completeness, we also plot the intensity of emission as a function of angle generated from the control film following excitation at 500 nm.
It can be seen that when the cavity and the control film are excited at 500 nm (green and magenta lines respectively), we find that a very similar population of states are created.
This indicates that in both the cavity and the control film, the initially generated 'hot' excitons undergo a similar relaxation process. In the cavity, such relaxed excitons form a reservoir of states that then populate states along the LPB by radiatively pumping its photonic component with high efficiency; a result in accord with our previous findings. 44 It can be also seen that the angular emission from the cavity, when excited at 500 nm (green line) is much higher than that following excitation at 572 nm (black line). This indicates that the ASF process in the cavity is subject to additional unknown non-radiative losses as compared to a film excited at significantly shorter wavelengths; a result consistent with the enhanced decay-rate of ASF emission shown in Fig 6a. When instead the cavity and control film are excited at 572 and 570 nm (corresponding to the bottom of the LPB and a sub-band gap region of BODIPY-Br respectively) we find that the total angle-integrated polariton population that results in ASF emission from the cavity is 3 times larger than the relative number of ASF photons emitted by the film (black and red lines respectively). When however we also include Stokes shifted emission (blue line) from the control film (i.e. emission at wavelengths greater than the excitation laser at 570 nm), we find that the angle-integrated ASF polariton population from the LPB and the overall angle-integrated fluorescence from the control film (Stokes and anti-Stokes)
are quantitatively similar.
We offer the following picture to explain this effect (see schematic shown in Figure 7a -c).
On excitation of the non-cavity control film at an energy Ei below the energy-gap (i.e. at 570 nm), we select molecules in a vibrationally excited ground-state (E) and raise such molecules to the zero-phonon (1-0) excited state. On return to their ground-state, the luminescence from such molecules includes the initial ground-state vibrational-energy (Ei + E), and thus part of the emitted luminescence occurs at shorter wavelengths (corresponding to ASF -see Figure 7a ). Note that Stokes emission is also possible, where the molecule returns to a vibrationally excited ground state (Ei -E) (see Figure 7b ).
On resonant excitation of the cavity at the bottom of the LPB, polaritons are created, that we speculate can exchange energy with weakly-coupled electronic states in the exciton reservoir. Here, such weakly-coupled states most likely correspond to molecules in a vibrationally excited ground-state (E), with this excitation process probably involving the direct absorption of the photon-component of the polariton. This process then creates a weakly-coupled reservoir exciton. Again, we assume the initially excited polariton state has an energy Ei (see Figure 7c) , with the reservoir-exciton thus created having an energy of (Ei + E). This exciton is then able to radiatively pump polaritons along the LPB 44 having an energy (Ei + E).
This simple model can also qualitatively explain the relative enhancement of 'hot' polariton population corresponding to ASF emission observed when resonantly exciting the cavity as compared to the control film. If the weakly-coupled exciton created in the reservoir instead undergoes Stokes emission, the photon emitted will have an energy (Ei -E) and will thus be below the cut-off frequency of the cavity (see Figure 7c) . For this reason, we expect Stokes-shifted emission to be relatively suppressed (via the Fermi's Golden Rule) through the relatively low density of optical states at such energies. This results in a re-distribution of emission, where anti-Stokes emission becomes the dominant decay mechanism. Note, however, that this simple picture ignores the fact that there may well be a high density of waveguided modes that exist at high wavevector into which Stokes shifted emission could couple. At the moment, the relative importance of such waveguide modes is not understood, and further detailed modelling is required to produce a more complete picture of the total density of optical states into which molecules could emit Stokes or anti-Stokes radiation.
To conclude, we have provided direct experimental evidence of anti-Stokes fluorescence (ASF) from a strongly-coupled organic-semiconductor microcavity that is resonantly excited at the bottom of the lower polariton branch (LPB). We have characterised the ASF as a function of temperature, and have compared it with that emitted by a control (noncavity) film composed of the same organic semiconductor that is excited at a very similar wavelength. We find that the angle-integrated 'hot' polariton population from the cavity LPB is around 3 times larger than that corresponding to ASF emission by the control film.
By measurement of the dynamics of ASF emission, we conclude that this process involves a return of the photo-generated polaritons to a weakly-coupled exciton reservoir. We propose a picture in which the polariton states return to the reservoir by exciting molecules that are in a vibrationally excited ground-state. The excitons created are then able to optically pump polariton states above the bottom of the LPB, with the excess energy provided by the initial ground-state vibrational energy of the molecule. The relative enhancement of ASF states results from the fact that Stokes-shifted fluorescence is suppressed as its energy is below the cut-off frequency of the cavity.
Our measurements contribute to the growing understanding of the importance of the role played by vibrational modes in underpinning basic processes in strongly-coupled organic semiconductor microcavities, 20, 21, 48, 49, [35] [36] [37] [38] [39] [40] 46, 47 and it will clearly be important to include such processes when constructing a full model of organic exciton-polariton condensation.
We also expect that structures similar to those explored may permit a study of the physics of laser cooling. Critically, the ability to undergo laser cooling at room temperature distinguishes organic-based systems from inorganic-semiconductor based microcavities that (in many cases) only demonstrate polaritonic effects at cryogenic temperatures.
Note however that we have not yet evidenced laser cooling in the cavities or films studied.
Clearly, to create a cooling effect, the energy flux entering the cavity must be smaller than that leaving the cavity, however this is unlikely to be the case at present. Indeed the BODIPY-Br films used have a relatively low (~5%) photoluminescence quantum efficiency (PLQE) as a result of molecular aggregation 43 and thus a significant quantity of the absorbed laser is expected to be dissipated as heat. Nevertheless, we expect that strongly-coupled cavities containing molecular dyes having a significantly higher PLQE may allow laser cooling effects to be explored at room temperature.
METHODS
Sample preparation. Polystyrene (PS) having an average molecular weight (Mw) of ~192 000 was dissolved in toluene at a concentration of 35 mg mL -1 . Poly-vinyl alcohol (PVA) was dissolved in DI water at a concentration of 35 mg mL -1 . BODIPY-Br was added into the PS/toluene solution at a concentration of 20% by mass. Thin control films were spin-cast on quartz-coated glass substrates. To fabricate a microcavity, a 200 nm thick silver mirror was thermally evaporated on a quartz-coated glass substrate using an Auto 360 Edwards thermal evaporator. BODIPY-Br/PS and PVA layers were then spin-cast on top of the silver mirror. The thickness of the organic layers was measured using a Bruker
DektakXT profilometer and the spin-speed of the spin coater was adjusted to achieve the desired thickness. The top semi-transparent silver mirror was then thermally evaporated to have a thickness of 32 nm.
Angular white-light reflectivity. White-light reflectivity measurements were performed through the top semi-transparent mirror using light from a fibre-coupled
Halogen-Deuterium lamp that was imaged using two lenses onto the cavity surface, with the reflected light collected using a second pair of lenses and imaged into an Andor Shamrock CCD spectrometer. Both pairs of lenses were mounted on motorised optical rails fixed to a common rotation stage, with reflectivity measurements performed as a function of angle in steps of 1 o .
Fluorescence measurements. The microcavities and control film were mounted in a liquid N2 cryostat, with excitation performed using a Fianium supercontinuum white light laser emitting 6 ps pulses at a repetition rate of 40 MHz. Laser light was first filtered using a SPEX 270M monochromator having a bandwidth of 1.7 nm, allowing the excitation wavelength to be tuned over the range of 500 to 600 nm. The filtered laser light was then coupled into an optical fibre and imaged onto the sample surface. The resultant emission was collected at external angles between 18º and 70º using the same optical rail setup used in reflectivity measurements. All data is corrected for the Lambertian response of the system. All microcavities were excited at normal incidence (k//=0).
Streak camera measurements.
For non-resonant excitation measurements (400 nm) a frequency-doubled Ti:sapphire regenerative amplifier was used with a 180 fs pulse length, while for the quasi resonant excitation (570 nm) an optical parametric oscillator was used with a spectrally filtered bandwidth of 2nm and 550 fs pulse length. Both measurements were performed with a 100 KHz repetition rate, with the transient emission dynamics recorded using a streak camera with a temporal resolution of 2 ps.
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